Abstract: Spectral characteristics of surface plasmon polaritons (SPPs) in metal-insulatormetal (MIM) waveguides with a rectangular or V-groove are analyzed. Theoretical and simulation results indicate that both schemes can achieve wavelength filtering functionality with the center wavelength possessing a linear relationship with the length of the groove. The plasmonic MIM waveguide with a tilted groove could be regarded as the composition of a hypotenuse, rectangular, and V-shaped structures based on theoretical analyses. Characteristics of such waveguides are further investigated numerically by the finite-different time-domain (FDTD) method. The center wavelength of such structure has a nonlinear relationship with the height of the groove. The unique feature may help researchers design grooves with specified angles in nanophotonic integrated circuits.
Introduction
Guiding of light within a subwavelength cross section has recently attracted lots of attentions. The modes guided along the metal/dielectric interface is referred as surface plasmon polaritons (SPPs) [1] , which have been considered as one of the most promising solutions to overcome the diffraction limit of optical devices. Different plasmonic structures, such as particles [2] , [3] , grooves [4] - [6] , cavities [7] - [9] , and apertures [10] , [11] , have been designed to cover a variety of applications and enable integration of photonic circuits at the nanoscale. Especially, metal-insulator-metal (MIM) structures based on SPPs have been widely studied due to unique characteristics for controlling wavelengths, including wavelength splitters [12] , combiners, or couplers [13] - [15] . For example, a plasmonic gap filter with stub structure or tooth-shaped structure was studied to build SPP mirrors and beam splitters [16] - [20] . In addition, band gaps have also been demonstrated to be available in the MIM plasmonic Bragg reflectors, which consist of periodic insulators or gratings [21] , [22] .
In [4] , a detailed analytic model for a basic MIM waveguide with a single groove is given. The transmission characteristic of such kind of filter has been widely demonstrated to be significantly affected by the heights and the widths of the grooves. The center wavelength (CW) usually exhibits a linear relationship with the height of the groove [4] , [17] . It should be pointed out that a tilted groove might arise during the manufacture process, resulting in unknown transmission characteristics. On the other hand, one may benefit from the tilted grooves with specified angles because of potential SPPs manipulation features. Therefore, in this paper, we investigate a generic MIM waveguide with a single groove that has an arbitrary tilted angle. As the length of the groove is fixed, the height of groove is decided by the tilted angle. Subsequently, the height is the only parameter to be varied to study the spectral characteristics in this paper. Theoretical analyses and simulation results based on the finite-different time-domain (FDTD) method demonstrate that this configuration can be performed as a wavelength selection device and the transmission wavelength has a nonlinear relationship with the height of the groove.
Theory and Simulation
The scheme of a MIM waveguide with a rectangular groove (R-groove) or a V-groove is shown in Fig. 1 . The SPPs propagate along the z-direction inside the MIM plasmonic waveguide. In Fig. 1(a) , for a vertical R-groove with a small width W r , its effective index n can be obtained from the dispersion equation of the TM mode consisting of E x , E z , and H y components in the waveguide given by [23] , [24] n ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
where k 0 ¼ 2= is the propagation constant in the vacuum, W r is the width of the groove, and " i and " m are the dielectric constants of air medium and silver, respectively. The transmission wavelength can be expressed as
where L r and W r are the length and the width of the R-groove, respectively, n eff is the real part of the effective index n, and Á' is the phase shift caused by the reflection on the air-silver surface. However, for the case of V-groove, the transmission wavelength cannot be simply estimated by using (1) and (2) . Through integrating the index contrast over the groove depth, we can obtain the phase delay as
where
2 q Þ, and W v is the width of the V-groove. It should be noted that L is slightly less than the hypotenuse length to avoid an infinitely sharp bottom tip of the groove. In the following calculation, the frequency-dependent complex relative permittivity of silver is characterized by the Drude model
where ! p ¼ 1:38 Â 10 16 Hz stands for the bulk plasma frequency, ¼ 2:73 Â 10 13 Hz is the electron collision frequency, ! is the angular frequency of the incident electromagnetic radiation, and " 1 is the dielectric constant at infinite angular frequency with the value of 3.7 [21] .
According to (2) and (3), we can estimate the transmission wavelength. By fixing the widths of the Rand V-grooves, i.e., 40 nm or 50 nm, we can see that the CWs have a linear relationship with the groove lengths, as shown in Fig. 2 . Moreover, the CWs of the V-groove MIM waveguide are always less than those of the R-groove MIM waveguide when their widths and lengths are identical, respectively.
To further study the transmission spectra, we use FDTD simulation tools (Lumerical FDTD Solutions 7.5.7) to characterize the SPPs propagation under perfect-matching-layer (PML) absorbing boundary conditions. The mesh accuracy is set to be 1 nm, and the incident light is defined as a plane wave. Moreover, the tabulation of the optical constants of silver [25] is used. From Fig. 3(a) , it can be seen that band gaps are available in both cases of the MIM waveguides composing of an R-or a V-groove, whose lengths are identical, i.e., L r ¼ L v ¼ 200 nm. The troughs with the transmittance $0 occur at the free-space wavelength of about 1315 nm or 1240 nm, and 1293 nm or 1186 nm for the R-groove and the V-groove when width is 40 nm or 50 nm, respectively. Fig. 3(b) are slightly larger than theoretical ones for the reason that the phase shift Á' is ignored during analyses.
Based on the above analyses, we further study the MIM waveguide with a tilted groove, as shown in Fig. 4(a) . Such tilted groove might be raised during the manufacture process, resulting in TABLE 1 Center wavelengths of simulation and theoretical results unknown transmission characteristics. Therefore, it is necessary to study the SPP transmission characteristic for such kind of structures. In the following analyses and simulations, the width and the length of the groove are fixed, i.e., W ¼ W t and L ¼ L t .
In terms of the tilted angle, two equivalent models are proposed to study the SPP propagation phase delay, as shown in Fig. 4(b) and (c), both of which can be modeled as a composition of hypotenuse-shaped (red), rectangular-shaped (white) and V-shaped (yellow) structures. Specifically, the tilted groove can be separated into three parts, and the phase delay in the rectangular part can be calculated by using (2), while for the hypotenuse-shaped part and V-shaped part, it is calculated by using the method of (3). The total phase delay satisfies
In Fig. 4(b) ,
and L 3 G D, and in Fig. 4(c) ,
where D ¼ W t =sinðÞ is the side length of the groove, and H ¼ L t sinðÞ is Fig. 4(b) is the appropriate model. Otherwise, Fig. 4(c) is used to analyze the structure. Obviously, the height of the groove H is decided by the tilting angle as the length of the groove is fixed. Thus, in the following simulation and analyses, the height is the only parameter to be varied. Fig. 5(a) indicates that the MIM waveguide with a tilted groove also has the filtering characteristics with the CWs significantly affected by the height (i.e., tilted angle). The transmittances for all the troughs are about 0, which can be investigated by the electric-field intensity jEj in Fig. 5(b) . In addition, the simulated and analytical results in Fig. 5(b) also reveal the variations of the CWs. As the height decreases, the CWs first decrease linearly for the reason that the groove contains a small V-shaped structure (see Fig. 2 ) and then increase nonlinearly because of the nonlinearly increase of the side length D. The inflection point of the CWs variation curve arises when the side length D is equal to the height H, i.e., the minimum wavelength is available when D ¼ H. In this case, as H ¼ L t sinðÞ and D ¼ W t =sinðÞ, thus, we can obtain D ¼ H ¼ 100 nm and ¼ 30
. The results are shown in Table 1 in details. To further investigate the spectral characteristics, we set the length of the tilted groove L t to be 150 nm or 250 nm. The heights of the groove H are in the ranges of 40 nm to L t . The simulation results based on FDTD method in Fig. 6(a) and (b) show that the band gaps are always available at different CWs that have similar performance to that of the groove with L t ¼ 200 nm, i.e., decrease linearly firstly and then increase nonlinearly as the height decreases. The minimum wavelength 950 nm arises when D ¼ H ¼ 86:6 nm and ¼ 35:3 , as shown in Fig. 7(a) , or the minimum wavelength 1431.6 nm arises when D ¼ H ¼ 111:8 nm and ¼ 26: 6 as shown in Fig. 7(b) .
Conclusion
In this paper, we have investigated a MIM waveguide with a tilted groove as a wavelength filter. Under fixed width and length of the groove, the CW of the band gap has a nonlinear relationship with the height H of the groove. Such configuration may provide an alternate approach for designing wavelength selection devices in nanophotonic integration.
